The effect of 3-methyleneoxindole (MO) on mengovirus and L-cell protein synthesis was investigated. MO was found to inhibit mengovirus multiplication and the incorporation of radioactive amino acids into both viral and cellular proteins. These results suggest that the antiviral effect of this compound is not specific but rather stems from its inhibition ofthe cellular translational machinery upon which mengovirus depends. We have also found that MO inhibits natural messenger ribonucleic acid (mengovirus and globin messenger ribonucleic acid) translation in cell-free extracts from Ehrlich ascites tumor cells but has no significant effect on polyuridylic acid translation. Additional data which suggest that MO inhibits protein synthesis at the level of initiation are shown.
The effect of 3-methyleneoxindole (MO) on mengovirus and L-cell protein synthesis was investigated. MO was found to inhibit mengovirus multiplication and the incorporation of radioactive amino acids into both viral and cellular proteins. These results suggest that the antiviral effect of this compound is not specific but rather stems from its inhibition ofthe cellular translational machinery upon which mengovirus depends. We have also found that MO inhibits natural messenger ribonucleic acid (mengovirus and globin messenger ribonucleic acid) translation in cell-free extracts from Ehrlich ascites tumor cells but has no significant effect on polyuridylic acid translation. Additional data which suggest that MO inhibits protein synthesis at the level of initiation are shown.
It has been reported (21) that 3-methyleneoxindole (MO) can selectively inhibit the replication of herpesvirus, mengovirus, poliovirus, and Sindbis virus. MO has been shown to be an oxidation product of the plant hormone indole-3-acetic acid (20) , and it has been claimed that it is an obligatory intermediate in the indole-3-acetic acid-induced elongation of wheat coleoptiles (4) .
Our interest in MO stems solely from its reported selectivity in interfering with viral, but not cellular, protein synthesis (19, 21) . A compound with such properties could be advantageous in the study of the mechanism by which certain viruses shut off host protein synthesis while their own protein-synthetic processes remain active. Our efforts in this latter area have centered on the molecular interactions of mengovirus with permissive host cells (1, 6, 13) .
The experimental approaches taken here were shaped by the reported results of Tuli and co-workers (19, 21) . In a series of experiments using whole cells, they reported that: (i) the antiviral action of MO is not mediated by interferon; (ii) MO is not virucidal; (iii) viral ribonucleic acid (RNA) synthesis is not affected by antiviral concentrations of MO; and (iv) the ability of poliovirus messenger RNA (mRNA) to attach to ribosomes is decreased, but the same concentration of MO does not prevent HeLa cell polysome formation.
In an attempt to specifically determine the value of this compound as a tool in studies of I Laboratory of Reproductive Physiology, University of Pennsylvania, Philadelphia, PA 19174. cell-virus protein synthesis interactions and, in general, as a useful agent in studies on cellular protein synthesis regulation, we studied its effects on cellular and viral protein synthesis in whole cells and cell extracts.
MATERIALS AND METHODS
Synthesis of MO. 3-Bromooxindole-3-acetic acid was prepared by the reaction ofN-bromosuccinimide (Aldrich Chemical Co.) and indole-3-acetic acid (Aldrich Chemical Co.) as detailed by Hinman and Bauman (9) . This compound is rapidly debrominated and decarboxylated to yield MO (9) upon dissolving in aqueous solutions. The spectral characteristics of our MO are seen in Fig. 1 . They conform to those previously reported for this compound (10) , exhibiting maxima at 247 and 253 nm.
Cells. L cells of strain 929 were grown as monolayer cultures in Eagle minimum essential medium (MEM) (Earle salts) containing 9% fetal bovine serum. The cells were grown in either 100-mm plastic petri dishes for studies of amino acid incorporation or in 60-mm petri dishes for virus titer assays. Ehrlich ascites tumor cells were propagated as previously described (1) .
Virus growth, purification, and plaque assays. Mengovirus (S variant) was grown in Ehrlich ascites tumor cells, harvested, and purified for mRNA extraction as described earlier (1) . To plaque assay the virus, monolayer cultures in 60-mm plastic petri dishes were washed with phosphate-buffered saline at 37°C. Then, 0.3 ml of each viral dilution was applied, and the virus was allowed to adsorb for 45 min at room temperature. At this time, the unadsorbed virus was removed by aspiration from the cultures, and 5 ml of MEM containing 0.8% agarose and 3% fetal bovine serum was added. After 48 h at 37°C, the plaques were quantitated.
Incorporation of radioactive amino acids into uninfected and mengovirus-infected cells in the pres- Analyses of the incorporation of 3H-labeled amino acids into whole cells. At the end of the chase period, the media were aspirated, and 1 ml of a buffer containing 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.6), 2 mM dithiothreitol (DTT), 1 mM magnesium acetate, 10 mM KCI, and 0.5% Nonidet P-40 was added to each plate. After exposure to this hypotonic medium for 10 min at 4°C, the cells were scraped off the plates. Duplicate experiments were pooled and centrifuged at 15,000 x g for 10 min. At this point, the samples were treated in either of two ways, depending on the aim of the experiment. In one case, 20 ,ul from the pooled supernatants was placed in test tubes and 200 ,.g of bovine serum albumin was added to each as carrier. A 2-ml portion of a 10% trichloroacetic acid solution was then added to each sample, the suspension was heated at 95°C for 15 min and cooled in ice, and the precipitate was collected on 0.45-,m membrane filters (Millipore). The dried filters were placed in a Triton-based scintillation mixture and counted in a liquid scintillation counter.
If the proteins were to be subjected to polyacrylamide gel electrophoresis, 10 volumes of cold acetone was added to the supernatant fluids to precipitate the protein and the suspension was stored at -20°overnight. After low-speed centrifugation, the pellets were washed twice with acetone, thoroughly dried, and dissolved in 500 ,ul of a gel electrophoresis sample buffer (see below). The samples were heated at 95°C for 5 min, and a 5-gl portion was placed on slab gels as described below.
Sodium dodecyl sulfate-polyacrylamide slab gel electrophoresis. Five microliters of the sample in 2.3% sodium dodecyl sulfate, 10% glycerol, 5% 2-mercaptoethanol, and 62.5 mM tris(hydroxymethyl)-aminomethane (pH 6.8) were analyzed electrophoretically by the methods of Laemmli (11) and Studier (18) . A slab gel consisting of a 4.5% acrylamide stacking gel and a discontinuous gradient (7.5, 10, and 12.5% polyacrylamide) separating gel was used. Electrophoresis was carried out at 80 V for 5 h. The slabs containing 3H-labeled protein were processed for fluorography as described by Bonner and Laskey (5) . Autoradiography was performed with Kodak Royal X-OMAT X-ray film, and the film was exposed for 2 days at -70°C.
Cell-free translation. Preincubated cell-free systems derived from uninfected Ehrlich ascites tumor cells were prepared as previously described (1), except that the final Mg2+ concentration in the reaction mixture was 2.0 mM and spermidine was added to 0.4 mM. The reaction volume was 50 ,ul except as noted. Also, a 0.25-,uCi portion of [14C]leucine (280 mCi/mmol) supplemented with the other 19 amino acids at a concentration of 10-6 M each was present. When "DTT-minus" cell-free systems were used, the cell extract was prepared in the presence of 2 mM DTT (1) but was dialyzed against 100 volumes of HKMT buffer (1) Preparation of mRNA's. Preparation of mengo mRNA was performed as described (1) . Globin mRNA was extracted from a frozen rabbit reticulocyte lysate, the kind gift of W. C. Merrick, as follows. The thawed lysate was centrifuged at 30,000 x g for 10 min. The supernatant fluid was adjusted to 0.1 M in NaCl, 20 mM in ethylenediaminetetraacetic acid, and 0.5% in sodium dodecyl sulfate and then extracted three times with an equal volume of hot (45°C) phenol-chloroform (1:1) saturated with 0.1 M NaCl and 1 mM ethylenediaminetetraacetic acid. The RNA was precipitated from the final aqueous layer by the addition of 0.2 volume of 1.0 M NaCl and 2 volumes of 95% ethanol and stored overnight at -20°C. The polyadenylic acid-containing globin mRNA was purified by oligothymidylic acid-cellulose (Collaborative Research, Inc.) chromatography as described by Aviv and Leder (2) . RESULTS Antiviral activity of MO. The addition of MO to the growth medium right after virus adsorption (time zero) resulted in the inhibition of viral growth (Fig. 2) . More than 1 log inhibition was seen at 6 h after adsorption, as revealed by plaque assay. The inhibition was maintained for an additional 2 h, but by 10 h there was less than a log difference between the MO-treated and untreated cells. By 24 h, no significant difference in virus yield was observed. When MO was added at zero time and then again at 6 h after infection, the virus yield was depressed nearly 2 logs compared to the control samples. This difference was maintained up to 10 h after infection, and at 24 h postinfection, the virus yield was still significantly lower.
This transient inhibition of virus production elicited by MO was also reported by Tuli et al. (21) , who considered the transitory nature of the inhibition to be a consequence of the reduction of MO to 3-methyloxindole by either reduced nicotinamide adenine dinucleotide-or reduced nicotinamide adenine dinucleotide phosphate-linked enzyme systems. They have shown that the enzyme-mediated reduction of MO to 3-methyloxindole takes place in plant cells (20) , bacteria (8) , and animal cells (21) . The results summarized in Fig. 2 are in general agreement with their findings (21) .
Effect of MO on cellular and viral protein synthesis. We wished to determine if the inhibition of growth of mengovirus results directly from the inhibition of viral functions or indirectly from the inhibition of cellular functions necessary for viral growth. Because Tuli et al. (19, 21) found that MO does not inhibit either viral or cellular RNA synthesis, we focused our attention on its effects on protein synthesis. Tuli and co-workers (21) reported that the in- corporation of i_['4C]glucose into trichloroacetic acid-insoluble products (which would presumably include protein) was similar in MO-treated and untreated cells. From this result, they concluded that antiviral concentrations of MO do not inhibit major host-specified functions. In our experiments, the incorporation of radioactive amino acids into protein was examined as a more specific assay of protein synthesis.
Uninfected or virus-infected cells were ex- posed to MO at the beginning ofthe experimental period and at 3 and 6 h after infection or mock infection. The growth medium was replenished with MO because of the lability of MO, as demonstrated in Fig. 2 shows that the synthesis of all the viral proteins was inhibited by MO. The labeling pattern of cellular proteins from uninfected cells is depicted in Fig. 3e , and the effect of MO on this pattern is shown in Fig 3d, In this translation wag also examined. Figure 4 illustrates that the inhibition of incorporation of amino acids into globin and mengovirus proteins was similar for all of the concentrations of MO tested. Approximately 5%o inhibition was obtained with 100 ,M MO. With 500 ,uM MO, the translation of both globin and mengovirus mRNA's was drastically reduced. A residual activity, amounting to about 15% of the total activity, remained even after the addition of 1 mM MO. In contrast to these results, the trans- 100 5,018 lation of poly(U) -was never reduced more than 10% of the contr9l sample (Fig. 4 and Table 2) throughout the concentration range of MO~n-hibitory for natural RNA translation.
Whole cells exhibited a much greater sensitivity to this compound, with 10 ,uM MO reducing both cellular qnd viral protein synthesis about 50% (Table 1 and Fig. 3) . The apparent lesser sensitivity of the cell-free extract to MO might possibly be explained by the presence of 2 mM DTT in the extract or bcause the MO reductase system in Ehrlich ascites tumor cell extjracts is particularly active. MO has been reported to form adducts with compounds that contain free SH groups, thereby losing its biological activities (17) . An attempt to remove the DTT from the exract by dialysis of the extract against DIT-free buffer, however, did not increase the sensitivity of the incorporation reaction to MO (data not shown). This could result from the presence of residual amounts of DTT in the extract, -which would decrease the activity of the MO. Extracts prepared -in the absence of a reducing agent were only weakly active in protein synthesis, and so a cell-free system without DTT could not be tested. In view of the sinmilarity of the MO effect in cell-free extracts with and without DTT, all subsequent experiments were carried out in cell-free systems with DTT.
Effect of MO on the kinetics of amino acid incorporation. MO was added to the cell-free system at different times during incubation to determine which step in protein synthesis it affects. Figure 5 shows that the addition of MO at zero time resulted in a 54% reduction in the (12, 16, 22) . Figure 6 shows that ATA significantly decreased the incorporation of [14C]leucine into protein only if added up to 20 min of incubation. Beyond that time, the addition of ATA had little effect. Therefore, initiation is likely to be taking place only during the first 20 min, a time consistent with that previously reported for similar cell-free systems (7, 14) . A comparison of Fig. 5 and 6 shows that the effects on amino acid incorporation of MO and ATA are somewhat similar, suggesting that MO may act at the level of initiation.
DISCUSSION
Tuli and co-workers (19, 21) (21) , that MO inhibits viral growth and that this effect is transient (Fig. 2) . However, we have no evidence that this inhibition is taking place by a mechanism that acts selectively on viral mRNA translation. On the contrary, our evidence clearly shows that MO inhibits both cellular and viral protein synthesis equally. This was demonstrated both in whole cells (Fig. 3 and Table 1 ) and in extracts of Ehrlich ascites tumor cells (Fig. 4 and Table 2 ). Thus, the effect of MO on viral growth can be explained by its action on the cell's translational machinery on which the virus depends.
The lack of a significant inhibitory effect of MO on poly(U) translation (Fig. 4 and Table 2) suggests that MO acts at an early stage of translation, possibly at initiation. The similarity of the results of the experiments in Fig. 5 and 6, in which MO and the initiation inhibitor ATA were added at different times after the start of the incorporation reaction, further suggests an effect at the level of initiation.
The reported binding of MO to ribosomal RNA (19) could be the mechanism by which MO inhibits protein synthesis. It is possible that neither cellular nor viral messages interact with ribosomes if MO is already bound to them. A lack of mRNA binding would result in an inhibition at the site of initiation.
In summary, we have not found this compound to be an effective tool for the study of the mechanism by which viruses shut off host cell protein synthesis. However, because of its selective inhibition of natural mRNA translation and its possible specificity for the initiation step, it merits further investigation.
